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1.1. General introduction  
 
Organic semiconductors have attracted much attention because they can be used 
in various electronic devices such as organic light-emitting diodes [1–9], organic solar 
cells [10–17], and OTFTs [18–30]. These devices are composed of organic materials 
(organic polymers, organic single crystals, and organic–inorganic complexes) in films 
with a thickness of ~100 nm. Compared with inorganic materials,  the advantage of 
organic materials is their compatibility with light, flexible and low-cost devices [31–
38], because organic materials consist of light atoms such as carbons and they form 
crystalline states by inter-molecular interactions, which is much weaker than covalent 
interactions in inorganic crystals. This weak interaction provides flexibility, low 
temperature processability, and solubility of organic materials. Furthermore, low-
temperature process such as printing or spin-casting method, makes it possible to 
fabricate flexible devices on low-cost plastic substrates without vacuum process.  
A FET is one of the key devices in organic electronics. In this couple of decades, 
many reports on FETs based on organic single crystals [39,40] and conjugated polymers 
[41,42] have been reported. In late 1990’s, a carrier mobility as high as that of 
amorphous silicon was achieved with organic semiconductors [43]. In 2007, Takeya et 
al. reported an FET with rubrene single crystals with a high mobility of 18 cm2/Vs [44]. 
These excellent electrical properties opened up the possibilities of organic electronics. 
Another important issue is the printing fabrication of devices for low-cost and flexible 
electronics. In the case of organic single crystals, devices have been fabricated with dry 
processes such as vacuum evaporation. Conjugated polymers have been attracted 
attention because the devices can be fabricated with wet processes such as spin-coating, 
ink-jet printing, and other printing methods. However, to achieve the mobility 
comparable to that of organic single crystals is difficult with conjugated polymers. 
Fig. 1.1 shows the schematic device structure of a MOSFET. If a gate voltage 
(VG) is not applied, VG = 0 V, the drain current (ID) does not flow even with applied the 
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drain voltage (VD). When a gate voltage (VG) is applied, electric charge is accumulated 
at the metal oxide (or insulator) /semiconductor interface, similarly to a capacitor. 
Electrons are accumulated when VG is positive and holes are accumulated when VG is 
negative, and the channel becomes conducting and ID flows. This means that ID can be 
controlled by changing VG; VG = 0 V corresponds to the OFF state, and the application 
of VG corresponds to the ON state. The amount of current in the ON state can also be 
controlled by VG. Materials of gate insulators and roughness of semiconductor/insulator 
interface also affect the operation of FETs.  
The MOSFET structure has a three-layer structure made of a metal, an insulator, 
and a semiconductor, and thus, it is called a MIS structure. The band diagram for the 
MIS structure when an intrinsic semiconductor is used as the semiconductor is shown 
in Fig. 1.2, where EFM is the Fermi energy of the metal, EC' is the energy of the 
conduction band minimum of the insulator, EV' is the energy of the valence band 
maximum of the insulator, EFS is the Fermi energy of the semiconductor, EC is the energy 
of the conduction band minimum of the semiconductor, and Ev is the energy of the 
valence band maximum of the semiconductor. EFS is expected to be exactly at the 
midpoint of EC and EV. In Fig. 1.2, all of the energy bands are represented by solid lines. 
When a negative or positive voltage is applied across the structure, electrons or holes 
are accumulated near the semiconductor/insulator interface as shown in Fig. 1.3. Note 
that the semiconductor/insulator interface can have various undesirable effects, for 
example, impurities, roughness, and defects. 
FETs in which electrolyte was used as an insulator are called EGTs. In EGTs, 
various types of electrolytes such as polymer electrolytes [46–55], ionic liquids [56–72], 
and ion gels [73–82] were used. An ionic liquid is a molten salt at room temperature, 
and a representative one is [EMIM] [TFSI] shown in Fig. 1.4. Ionic liquids have high 
ionic conductivity and works as electrolytes. It is known that ILGTs have a high 
capacitance [56–72] and operation frequencies of the order of a few kHz whereas 
polymer EGTs have a low capacitance and a low operation speed. ILGTs can be operated 
7 
 
at relatively low voltages and the drain current is relatively large. An ionic liquid has a 
wide potential window of ~3 V and thus, one can reach to high doping levels of 
semiconductors using ILGTs. 
The device structure of an ILGT is shown in Fig. 1.5. When VG is applied, ions in 
the ionic liquid move to the semiconductor/electrolyte interface; these ions can induce 
carriers in the semiconductor. Unlike the conventional doping such as in case of metal-
oxide semiconductors, ions do not migrate into the semiconductor but exist on the 
surface of the semiconductor. Ions in the ionic liquid and carriers in the semiconductor 
form an EDL at the interface, and thus, this type of doping is called EDL doping. On the 
other hand, in the case of permeable semiconductors such as conjugated polymers and 
carbon nanotube thin films, the counter ions of electrolyte migrate into the 
semiconductor and the semiconductor is oxidized or reduced electrochemically. This is 
an electrochemical doping. Importantly, electrochemical doping can achieve high 
density and doping volume not only at the interface but also in the bulk region of the 
thin film. ILGTs have the following advantages: (1) high density carrier accumulation 
(~ 1021 cm−3); (2) low voltage operation (< 3 V); (3) low operating speed (~ kHz); (4) 
easy device fabrication. On the other hand, ILGTs have the following disadvantages. (1) 
It can be applied only a limited number of semiconductors, because an electrochemical 
method is used. (2) ILGTs do not operate below the freezing point of the ionic liquid. 
(3) ILGTs are susceptible to vapor of water. 
 The huge gate capacitance of an ILGT is due to the fact that the EDL acts as an 
extremely thin capacitor (~1-nm thick). The area density of the accumulated charge Q 
of a capacitor fabricated with an insulator is given by 
 




       (1.1)  
 
where Ci is the capacitance per unit area, V is a voltage, εr is the relative dielectric 
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constant of the insulator, 0 is the permittivity of vacuum, and E is the electric field. 
According to Eq. (1.1), smaller d leads to a huge electric field, a huge capacitance, and 
a high-density carrier accumulation (~1021 cm−3). The electric field at which the EDL is 
depleted (dielectric breakdown electric field) is 30 MV/cm, which is three to six times 
larger than that applicable to SiO2 (5 to 10 MV/cm). In addition, the relative dielectric 
constant is ~10 in an ILGT, which is 2.5 times larger than that of SiO2 (3.9). As a result, 
the ILGT can accumulate more than ten times as many carriers as  those of FETs with 
SiO2 as an insulating layer. 
One of disadvantages in ILGTs is the low operation frequencies; the frequency 
response of the ILGTs is the order of a few kHz. This is because the ions in the ion ic 
liquid gate move relatively slow with the applied voltage. The mobile ions are an 
intrinsic property of the ionic liquid, and thus, it is difficult to improve the frequency 
response of an ILGT simply by changing ionic liquid materials. However, geometry of 
the device can affect its frequency response. In general, redox reaction of electrolyte 
under the device operation accompanies decomposition. It is important to study the 
effect of the decomposition of the ionic liquid on the frequency response because this 
process leads damage to semiconductor in case of ILGTs. Therefore, the effects of the 
device geometry and decomposition of the ionic liquid were investigated by EIS. 
It is known that the I–V characteristics of an ILGT show hysteresis [83] and 
depend on the highest VG value applied. The I–V characteristics are dominated by the 
dependence of the carrier distribution in the channel on VG, and it is probably sensitive 
to the doping mechanism; EDL or electrochemical doping. There have been few papers 
dealing with the VG and VD dependence of the carrier distribution in the channel [84]. 
One of the powerful techniques to investigate this problem is in situ observation of the 
carrier distribution under device operation. The carrier distribution images using 
infrared spectroscopy with a spatial resolution of ~10 μm was reported by Heeger et al. 
[85]. However, it is difficult to observe infrared images through the glass plate, because 
the glass dose not transmit some range of infrared light. Iwamoto et al. reported the 
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electric field images by SHG measurements. In the SHG measurements [86], a sample 
can be damaged by the high power of the incident laser pulse. Recently, McCreey et al. 
demonstrated that Raman imaging is a useful technique to study the carrier distribution 
in organic memory device [87]. This approach is probably useful for the research of 
ILGTs. 
In this thesis, I have investigated polymer ILGTs fabricated with regioregular 
P3HT (Fig. 1.4), focusing the followings: (1) the frequency response of ILCs; (2) the 
carrier distribution observation, and the VG and VD dependences of the carrier 
distribution. This thesis consists of the following chapters.  
In Chapter 2, I describe the improvement of the frequency response of an ILC 
fabricated with [EMIM] [TFSI] and the electrodes of different sizes (asymmetric device 
structure). I show the improvement using a classical calculation and form frequency 
response measurements of the ILCs with asymmetric Au electrodes (1:50 area ratio and 
7.5-μm gap distance). The asymmetric capacitor structure dramatically improves the 
cutoff frequency from 14 to 93 kHz. In Chapter 3, I demonstrate that Raman imaging is 
a powerful tool for studying in situ the carrier distribution in the channel of an ILGT 
fabricated with regioregular P3HT. The observed spectra indicate that the generated 
carriers are positive polarons. I discuss the spatial resolution of the Raman microscopy 
in the study of ILGTs. In Chapter 4, I describe the VG and VD dependences of the carrier 
distribution in the channel of a regioregular P3HT ILGT using Raman imaging. I discuss 
the relation between the current–voltage characteristics and the carrier distribution. The 
obtained results are not consistent with the “pinch-off” theory of inorganic 
semiconductor transistors, which suggests a working mechanism characteristic for 
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Fig. 1.1.  Schematic illustration of a MOSFET: S, source electrode; D, drain 




























Fig. 1.5.  Schematic illustration of an ILGT: S, source electrode; D, drain electrode; 



























ILGTs have advantages of the operation with a low voltage and a large current, 
and are mechanically flexible/stretchable and printable [1–25]. However, one of 
disadvantages in ILGTs is low operation frequencies; the frequency response of the 
ILGTs is the order of a few kHz [26–29]. This is because the ions in the ionic liquid 
gate move under an application of a voltage. Since the mobile ions are an intrinsic 
property of the ionic liquid, it is difficult to improve the frequency response of an ILGT 
by using a new kind of ionic liquids. On the other hand, geometry of the device can also 
affect its frequency response. A study of the effect of device structure on the frequency 
response of an ILC will lead to improve the frequency response of ILGTs.  
Since an ionic liquid makes EDLs at the ionic liquid/electrode interfaces, an ILC 
layer is equivalent to an electric series of C1RC2; R is the resistance of the ionic liquid, 
and C1 and C2 are the capacitances of the EDLs, as shown in Fig. 2.1(a). The combined 
capacitance C of these EDLs is given by  1 2 1 2C C C C C  . The cutoff frequency fc of 









. (2.1)  
 
The cutoff frequency is a measure of the frequency response of the ILCs. The cutoff 
frequency can be increased by merely reducing C and/or R. The devices fabricated with 
ionic liquids have the huge capacitance originating from the EDLs, which decreases the 
cutoff frequency. Large ionic conductance (1/R = σ) can improve the frequency response. 
Previously, the frequency response was improved by reducing the two-electrode 
separation [25]. Another effective technique is to use an electrolyte with a large σ. 
However, these approaches limit the frequency response to approximately 100 kHz.  
In this Chapter, I introduce ILCs with a set of electrodes with different areas (Fig. 
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2.2) to improve fc values. I evaluated the effect of the asymmetry structure on the 
frequency response of an ILC by calculating fc values of a simple RC series model. 
Based on the simulation results, I measured fc values of the symmetric and asymmetric 
ILCs fabricated with [EMIM][TFSI] using EIS. 
Ionic liquids include organic ions. In general, organic compounds are decomposed 
under the operation of the device. It is important to study the effect of the decomposition 
of the ionic liquid on the frequency response. In this Chapter, I consider the effect of 
electrochemical reactions in device operation using an equivalent RC circuit model. Fig. 
2.1(b) is the electrochemical RC circuit model of an asymmetric ILC; Rct1 and Rct2 are 
resistances of charge transfer at EDLs for the small and the large electrodes, 
respectively; Zwf and Zwi are finite- and infinite-length Warburg impedances for the 
small and the large electrodes, respectively. The details of the elements will be explained 
in Section 2.2.2. I also study the effect of the ionic liquid decomposition on the 
frequency response of an ILC fabricated with [EMIM][TFSI] using EIS.  
 
2.2. Theoretical consideration 
 
2.2.1. Frequency responses of symmetric and asymmetric ILCs 
 
A schematic of a symmetric ILC is shown in Fig. 2.2(a). Since the ILC has two 
same EDLs, the ILC corresponds to a series of CRC elements. For the symmetric ILC, 
fc is given by Eq. 2.1, and inversely proportional to both R and C. In this case, R = l/(σS), 
where S is the electrode area, and l is the distance between the electrodes. The 
capacitance is expressed as C = (C0S)/2, where C0 is the specific capacitance. Since both 
1/R and C are proportional to S, fc (which is proportional to 1/RC) is independent of S. 
Therefore, the frequency response of the ILC is simply determined by l and by the 
physical properties of the electrolyte (σ and C0). 
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A schematic of an asymmetric ILC is shown in Fig. 2.2(b). An ionic liquid is 
sandwiched between two electrodes with different areas. S is the area of the small 
electrode, and aS denotes the area of the large electrode. Since the ILC has two different 
EDLs, the ILC corresponds to a series of CRC' elements. This configuration alters the 
volume of the ion bulk resistor from that of conventional symmetric ILCs. As ions 
conduct from the large to the small electrode (or vice versa), the ion bulk resistor 
effectively occupies a flat pyramid, as shown in the blue volume of Fig. 2.2(b). The 
capacitances of the small and large electrode EDLs are C0S and C0aS, respectively. Thus, 








. (2.2)  
 
A flat-pyramid resistor is shown in Fig. 2.3; O is the vertex of the pyramid; A and B are 
small and large planes of the flat pyramid; l0 is the distance between vertex O and plane 
A. When the distance between O and a plane is xl0, the area of the plane S(x) is 
 
 SxxS 2)(  . (2.3)  
 













x S S a S a
  
   , (2.4)  
 
where 0( 1)l l a    is the distance between planes A and B. Thus, the fc of the 


















    ( a ≫1). (2.5)  
 
Surprisingly, fc depends on l, the physical properties of the electrolyte (σ and 
C0), and a. Therefore, one can control the fc value by simply varying the parameter a, 
that is, by changing the sizes of the electrodes. Notably, this method is not useful for 
capacitor applications because the asymmetric configuration results in a lower total 
capacitance or in a comparatively large device size. However, this method is useful for 
transistor applications. 
 
2.2.2. Electrochemical equivalent model 
 
EIS is used to measure the response characteristics of ILCs. This section describes 
the measurement principle. In the electrochemical reaction at the electrode/electrolyte 
interface, the impedance method, where the frequency response is measured by applying 
a minute signal to the DC polarization component, enables spectrum analysis of 
interface phenomena with various time constants. In the impedance method, the 
interfacial phenomenon is interpreted by being replaced with a circuit element; the 
frequency response is actually expressed by a complex impedance Z and analyzed. The 
main graph is a Bode diagram depicting the frequency characteristic of |Z|, a frequency 
characteristic diagram of the impedance phase angle, and a Nyquist plot (or Cole–Cole 
plot) of complex impedance. In the electrochemical impedance method, reactions 
occurring at various interfaces are interpreted by replacing them with circuit elements. 
In the following subsections, circuit elements corresponding to each interface 
phenomenon will be described, especially for the ILC structure shown in Fig. 2.2.  
Ions in the electrolyte move because of the electric field applied between the 
electrodes. Although ions are moving, because the ions have electric charges, they move 
at the same time, resulting in the flow of current. However, the electrolyte is viscous, 
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which limits its conductivity. Therefore, this effect is represented as a resistor 𝑅𝑏, which 








 . (2.6)  
 
The impedance phase angle of the resistance-only circuit is constant at 0 degrees. 
Redox reactions of the electrolyte occur at the electrode interface. These reactions 
represent the transfer of electrons between the electrolyte and the electrode, and current 
is generated accordingly. That is, the reactions act as a resistance element. Since this 
resistance represents charge transfer between the electrolyte and the electrode, it is 
called charge transfer resistance; it constitutes an equivalent circuit with a resistor in 





















Where α is transfer coefficient, n is the number of electron in redox reaction, R is gas 
constant and F is Faraday constant. 
Here,    
(1) In the vicinity of equilibrium potential 










where 𝑅𝑐𝑡 and 𝑖0 are inversely proportional to each other. 
(2) When the overvoltage is sufficiently large 
When the electrode is largely polarized to a particularly noble potential, because the 
cathode partial current can be neglected, the total current is represented by the anode 
partial current: 
 
 𝑖 = 𝑖0𝑒𝑥𝑝 {𝛼𝑛
𝐹
𝑅𝑇
𝛥𝐸} . (2.9)  
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= {(1 − 𝛼)𝑛
𝐹
𝑅𝑇
}  𝑖. (2.11)  
 
The resistance of the oxidation–reduction reaction itself was discussed above. 
However, in an actual ILC, the substance supply rate to the electrode interface is slow 
compared with the oxidation–reduction reaction rate; thus, the rate-determining step is 
the substance supply. In such a process, the ion diffusion rate is the rate-determining 
factor. 
The electrochemical reaction is modeled by 𝑅𝑐𝑡 and Warburg impedances [34,35]. 
The Warburg impedances for finite- and infinite-length ion diffusions (ZWf and ZWi) are 




















 , (2.13)  
 
where Zf and Zi are the respective impedance constants, i is the imaginary unit, ω is the 
angular velocity, L is the effective thickness of the diffusion layer, and D is the diffusion 
coefficient. To account for the rough electrode surface and/or concentrated electric field 
at the electrode edge, I introduce the CPE, which behaves as an improper capacitor at 




𝐶𝑃𝐸 = (𝑖𝜔)𝑝𝐶0𝑆 (2.14)  
 
where C0S is the capacitance of the EDL at the smaller electrode and parameter p 
determines the capacitor-like performance of this element; if p = 1, the element operates 
as a perfect capacitor; if p = 0, it operates as a perfect resistor. Rct1 and Rct2 are the 
resistances of the electrode–electrolyte charge transfers at the smaller and larger 
electrodes, respectively. Notably, the CPE is not always valid [37]. Moreover, I assumed 
a parasitic inductance caused by the measurement system.  
 
2.3 Experimental method 
 
I fabricated both symmetric and asymmetric ILCs. Two types of Au/Ni (70 nm/5 nm) 
electrodes (Type I: 2 mm × 5 mm, Type II: 0.2 mm × 1 mm) were evaporated onto glass 
substrates (EAGLE-XG glass, CORNING). Two Type I electrodes were installed in the 
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symmetric ILCs, whereas the asymmetric ILCs were constructed from Type I and Type 
II electrodes with an area ratio of 1:50. The two electrodes were separated by a 7.5-μm-
thick polyimide film. An ionic liquid [EMIM][TFSI] was dropped onto the glass 
substrate holding the electrode and polyimide spacer and subsequently sandwiched by 
another metal-evaporated glass substrate to form an ILC. I measured the frequency 
dependences of the capacitance and resistance using a frequency response analyzer 
(Solartron 1252A with a Solartron 1296 dielectric interface controlled by the ZPlot 
software) in an N2-filled glove box; analyses were carried out using the ZView software. 
I obtained the fc values using Eq. 2.1.  
All capacitor characteristics were evaluated in a glove box filled with N2 because 
[EMIM][TFSI] was used as the electrolyte. The characteristics were evaluated while 
avoiding atmospheric moisture because the potential window, which is the threshold 
value of the electrochemical reaction becoming a low voltage due to the moisture. Since 
measurement system was installed in a glove box, long wires (3–4 m) were used. Such 
long wires typically introduce noise, necessitating special measures. Therefore, in this 
research, triaxial cables were used for AC measurements.  
 
2.4. Results and discussion 
 
2.4.1. Frequency response spectra of ILCs 
 
I estimated fc of the symmetric ILCs first. In this configuration, the phase angle 
underwent a clear transition from resistive behavior (θ ≈ 0°) at higher frequencies to 
capacitive behavior (θ ≈ −90°) at lower frequencies (bottom panel of Fig. 2.4(a)). This 
transition indicates EDL formation. I basically adopted the resistance at the high-
frequency region and the capacitance at the low-frequency region for the estimation of 
fc. The observed constant resistance (R = 37.7 Ω) at frequencies greater than 1 kHz also 
suggests resistive ion motion in this region (central panel of Fig. 2.4(a)). By contrast, 
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the capacitance showed a frequency dependence at lower frequencies (Fig. 2.4(a), top 
panel). Although this frequency dependence is not explained by the classical RC model, 
it has previously been attributed to ion diffusion and to electrochemical reactions, 
corresponding to the pseudocapacitance [2,30–32]. In addition, these phenomena likely 
cause the θ to deviate from −90° (Fig. 2.4(a), bottom panel). Estimating fc requires 
knowledge of the real capacitance, which is not affected by the pseudocapacitance. 
Therefore, to avoid the effect of electrochemical reactions, I adopted a region where the 
frequency dependence of capacitance is relatively small and where the absolute value 
of the phase angle is large (>45°). Using this method, I derived fc using the capacitance 
of the symmetric ILC (C = 3.39 × 10−7 F) at 1 kHz, which is a slightly higher frequency 
than that corresponding to the maximum of θ (794 Hz). Finally, using these values, the 
fc value of the symmetric ILCs was calculated to be 14 kHz from Eq. 2.1.  
As I previously described, although the applied voltage is very low (5 mV), I 
observed the electrochemical reactions of ionic liquids. As this phenomenon is very 
interesting, I would like to discuss the physical picture of these electrochemical 
reactions. Importantly, the electrochemical reactions are the thermally activated 
reactions; reaction rate constant k is described by 
 
 
𝑘 = exp (−
𝐸𝑔
𝑘𝐵𝑇
) , (2.15)  
 
where Eg is the energy barrier for the chemical reactions, and kB is the Boltzmann 
constant. Therefore, one can expect electrochemical reactions in the absence of applied 
voltages. Moreover, this thermally activated reaction is simply assisted by an applied 
potential (V) and k is described by the equation of  
 
 
𝑘 = exp (𝑞𝑉 −
𝐸𝑔
𝑘𝐵𝑇




where q is the elementary charge. This equation indicates that the electrochemical 
reaction is exponentially enhanced by an applied potential. In addition, in the RC model, 
the voltage applied to the capacitor is time-dependent and is described by the equation 
V(1 − exp(−t/RC)), where t is the transit time from the moment the voltage is applied. 
These three equations explain the decrease in the frequency-dependent capacitance (Fig. 
2.4, top panel) and increase in the phase angle (Fig. 2.4, bottom panel), and these results 
strongly suggest that the electrochemical reaction plays an important role even under a 
small applied voltage (5 mV). The electrochemical reactions under small biases have 
also been suggested in previous works (5 mV in ref. [2] and 100 mV in ref. [28]). Also, 
the voltage dependence of the phase angle has already been reported and a substantial 
increase of the phase angle was observed under applied voltages, which is consistent 
with the electrochemical reaction model. [2] 
As the next step, I analyzed the frequency spectra of the asymmetric ILC (Fig. 
2.4(b)) to estimate the fc value. An unusual two-peak behavior was observed in the 
phase-angle spectrum (Fig. 2.4(b), bottom panel). Consistent with the analysis of the 
symmetric ILCs, I attribute the peak at higher frequencies (>1 kHz) to the phase shift 
from an ion conductor to ILC formation at constant resistance (R = 85.0 Ω; see central 
panel of Fig. 2.4(b)); at frequencies greater than 1 kHz, the absolute value of the phase 
angle is less than 20°. Similar to the symmetric ILCs, the capacitance was strongly 
frequency dependent (Fig. 2.4(b), top panel), possibly because of electrochemical 
effects. Following the analysis of the symmetric ILCs, I attempt to identify the specific 
point where the frequency dependence of capacitance is relatively small and the absolute 
value of the phase angle is greater than 45°. For the derivation of fc, I therefore selected 
the capacitance of the asymmetric ILC (C = 2.04 × 10−8 F) at 53.3 kHz, which is 
approximately one order magnitude smaller than that of the symmetric ILC. Finally, 
from Eq. 2.1, the fc value of the asymmetric ILCs was calculated to be 93 kHz using R 
= 85.0 Ω and C = 2.04 × 10−8 F. As summarized in Table 2.1, a comparison of the 
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performances of the two ILCs reveals that the response was 6.6 times faster in the 
asymmetric ILCs than in the symmetric ILC, highlighting the effectiveness of the 
strategy. In EDLTs, one can improve the response speed of smaller active channels using 
this strategy, although the total capacitance is reduced (Table 2.1).  
I will compare quantitatively the experimental results with the model calculations. 
The resistivity of [EMIM][TFSI] and the specific capacitance of gold electrodes are 
known from the results for the symmetric ILC. Assuming that the flat -pyramid model 
(area ratio of 1:50 and 7.5-μm gap distance), I can calculate fc, R, and C values of 
asymmetric ILCs to be 49 kHz, 260 Ω, and 1.33 × 10−8 F, respectively. The calculated 
R is 260 Ω, which is much greater than the experimentally measured value (R = 85.0 Ω). 
This difference indicates that the effective resistor in the asymmetric ILC is not shaped 
like a simple flat pyramid. However, due to the effect of ion diffusion, one can easily 
guess the deformation of the effective resistor to be hemispherical, resulting in a larger 
cross-section and smaller resistance. Moreover, the obtained C = 1.33 × 10−8 F is slightly 
smaller than the experimental value (C = 2.04 × 10−8 F). This difference is likely 
explained by the electrochemical reaction due to the local electric field at the edge of 
the smaller electrode, which results in impure capacitive behavior with a maximum 
phase angle of −70° [33]. Owing to these compensatory effects, the difference between 
the experimental and predicted fc values are within a factor of two (93 kHz versus 49 
kHz). Although observed enhancement of fc is qualitatively explained by the present 
models, detailed simulations such as Monte Carlo simulations are necessary for 
complete understanding; such simulations represent an important future issue.  
 
2.4.2 Fitting of the electrochemical data  
 
I investigated the unusual two-peak behavior in the phase-angle frequency 
spectrum of the asymmetric ILC (Fig. 2.4(b), bottom panel). Although the applied 
voltage is very small (5 mV), I attribute this behavior to ion diffusion and 
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electrochemical reactions [34]. To obtain more information from Figs. 2.4(a) and 2.4(b), 
I also prepared Nyquist plots corresponding to two frequency ranges (30 Hz to 300 kHz 
and 1 Hz to 100 Hz). The results in Figs. 2.4(c) and 2.4(d) clarify the difference between 
the symmetric and asymmetric ILCs. The linear behavior in symmetric ILCs is relatively 
similar to the case of typical ILCs, and the anomalous behavior of the asymmetric ILCs 
at low frequencies strongly suggests an additional effect such as ion diffusion or 
electrochemical reactions. Similar behaviors have been reported in dye-sensitized solar 
cells and are thought to arise from a limitation of ion diffusion by the external 
architecture [35]. Since the ILCs are very thin, I assume that ion diffusion is similarly 
restricted in the asymmetric ILCs; therefore, the observed anomalous frequency 
behavior can be explained by the same arguments. To validate this assumption, I 
estimated the thickness of the diffusion layer by considering electrochemical reactions 
with the limited ion diffusion [36]. Fig. 2.5(a) shows the equivalent model of the 
asymmetric ILCs in the presence of electrochemical reactions. Two types of ion 
diffusion are considered: (1) finite-length ion diffusion for the smaller electrode and (2) 
infinite-length ion diffusion for the larger electrode. Using this asymmetric equivalent 
model (Fig. 2.5(a)), I performed curve fitting under the following conditions. The area 
ratio a, sheet capacitance C0, and resistance of ionic liquid R were fixed at values 
obtained from the frequency spectra, whereas the other parameters (ZWf, ZWi, and p) were 
varied. In addition, a parasitic inductance of 5.88 × 10−6 H was also collected from 
measurements without samples. Fig. 2.5(b) plots the obtained frequency spectrum and 
the fitting result. The calculated curve provides a good fit to the spectrum. In this fitting, 
p in the CPE was set to 0.913; therefore, the smaller EDL was nearly but not purely 
capacitive. To determine the effective thickness of the diffusion layer, I varied the 
parameters in ZWf. The fitting yielded L2/D = 0.727 s. Since the reported diffusion 
coefficient D of [EMIM][TFSI] is 9.9 × 10−11 m2s−1 at 300 K, [38] I obtained L = 8.4 
μm, which is comparable to the separation between the electrodes (7.5 μm). Therefore, 
the ion diffusion layer might be restricted by this thickness. The obtained relatively large 
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diffusion layer also agrees with the deformation of the effective resistor from the simple 
flat pyramid to hemispherical. 
 
2.4.3 Frequency response in asymmetric configuration 
 
I would like to explain the transition and relaxation of states in asymmetric ILCs, 
which is the origin of the unusual two-peak behavior. (1) In the highest frequency region 
(f > 3 × 104 Hz), this time period corresponds to the charging of both smaller and larger 
ILCs with the rapid variation of the phase angle. (2) In the second-highest frequency 
region (5 × 101 Hz < f < 3 × 104 Hz), although the larger ILC is still resistive, the smaller 
ILC is already charged. Importantly, the impure capacitive behavior with a maximum 
phase angle of −70° indicates the effect of the electrochemical reaction at the smaller 
electrodes. (3) In the intermediate frequency region (1 Hz < f < 5 × 101 Hz), the decrease 
of the phase angle suggests an increase of the contribution from the electrochemical 
reaction at the smaller electrodes, which might be attributed to the pseudocapacitance. 
This behavior is also explained by a time-dependent voltage increase in charged smaller 
capacitors and an electric-field-assisted thermally activated reaction. (4) In the lower 
frequency region (5 × 10−2 Hz < f < 1 Hz), both ILCs are already charged. However, 
because of the electrochemical reaction, the maximum phase angle is approximately 
−65°. (5) In the lowest frequency region (f < 5 × 10−2 Hz), both the capacitance and the 
phase angle are continuously frequency dependent, which is also explained as the 
pseudocapacitance. 
Finally, I discuss the present method on practical applications. As previously 
described, pyramidal ionic conduction is easily obtained via the asymmetric electrode 
configuration. However, due to the reduction of the total capacitance, this device 
structure may not be suitable for practical ILCs and is most appropriate to printed EDLTs, 
in which the device size is not significant for practical applications. In particular, since 
a smaller transistor channel leads to a higher response speed, printable semiconducting 
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nanomaterials such as nanotubes and nanoparticles are one on the best candidates for 
practical medium-speed (kHz to MHz) devices, as demonstrated by Dasgupta et al. 
[5,37]. Moreover, in the absence of a size limitation in electrodes of ILCs, extremely 
large asymmetry leads to a fast response with a large total capacitance, suggesting 
possible applicability of the strategy into ILCs. Notably, although the proposed 
asymmetric structure improves the response speed of ILCs, the short-time 
electrochemical reaction would degrade the device and slightly shorten the capacitor ’s 
lifetime. Although the origin of the electrochemical reactions is not understood, given 
the electrochemical stability of gold electrodes, I speculate that the reactive species in 
the ILCs are the ionic liquids. Importantly, in more general terms, the results indicate 
that fc can be increased by changing the resistance and capacitance in an asymmetrical 
manner and the demonstration (ILCs with different-sized electrodes) is just one 
realization of the proposed strategy. Since the capacitance of electrodes is easily 
controlled, many potential methods can exemplify this idea, such as ILCs with different 




I studied the frequency response of an asymmetric ILC with the electrodes of small 
and large areas theoretically and experimentally. On the basis of an electric element 
series CRC' equivalent to the asymmetric ILC having two different EDLs, the frequency 
response and fc value were calculated. The asymmetric structure dramatically enhanced 
the fc value. I measured the frequency response of an asymmetric ILC fabricated with 
[EMIM][TFSI] using EIS. Two peaks were observed in the phase-angle frequency 
spectrum. The fc value was calculated to be 93 kHz from the observed frequency 
response. This value is larger than the fc value of 14 kHz for the symmetric capacitor. 
The lower frequency peak was explained by electrochemical decomposition reactions 
of the ionic liquid, based on the calculated the frequency response of electric circuits 
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Fig. 2.2.  Schematics and classical equivalent models of (a) symmetric and (b) 
asymmetric ILCs. The effective resistance volume of the ionic liquid is outlined by the 
blue flat pyramid. (Reproduced with permission from Appl. Phys. Lett. 107, 153505 
















Fig. 2.4.  Impedance spectroscopy results. Frequency spectra of (a) symmetric and (b) 
asymmetric ILCs obtained by EIS. The top, central, and bottom panels plot the 
capacitance, resistance, and phase-angle spectra, respectively. Nyquist plots of 
symmetric and asymmetric ILCs in two frequency ranges of (c) 30 Hz to 300 kHz and 
(d) 1 Hz to 100 Hz are also shown. (Reproduced with permission from Appl. Phys. Lett. 





Table 2.1.  Cutoff frequency fc and capacitance C of symmetric and asymmetric ILCs. 
(Reproduced with permission from Appl. Phys. Lett. 107, 153505 (2015). Copyright 














fc (kHz) C (nF) 
Symmetric ILC 1: 1 14 339 





Fig. 2.5.  (a) Equivalent model of asymmetric ILCs with electrochemical reactions. 
Finite- and infinite-length Warburg impedances (ZWf and ZWi, respectively) are imposed 
at the smaller and larger electrodes, respectively. Rct1 and Rct2 reflect the charge transfer 
resistance between the electrode and the electrolyte at smaller and larger electrodes, 
respectively. The CPE reflects the imperfect capacitive behavior of smaller EDLs. (b) 
Frequency spectrum of the phase angle in the asymmetric ILC. The red line is the 
calculated fitting line. To improve the fitting in the high-frequency region, a parasitic 
inductance of 5.88 × 10−6 H, which was caused by the measurement system, was 
assumed. The fitting parameters are obtained as Zf = 5.69 × 105 Ω, Zi = 4.81 × 106 Ω 
s−1/2, Rct1 = 2.28 × 104 Ω, Rct2 = 5.56 × 106 Ω, p = 9.13, and L2/D = 0.727 s. (Reproduced 
with permission from Appl. Phys. Lett. 107, 153505 (2015). Copyright 2015 American 
















Raman imaging of carrier distributions in the channel of an 







Raman spectroscopic imaging has emerged as a powerful tool for characterizing 
materials and the spatial distributions of chemical species or functional groups in 
various research fields including biology [1,2], medicine [3,4], pharmacy [5], and 
materials science [6,7] with a moderate spatial resolution of 1 m. The spatial 
resolution of the Raman image measurements depends on the numerical aperture (NA) 
of the objective and the wavelength () of excitation light, when the slit width of the 
microscope is negligibly narrow. The Rayleigh resolution is given by 0.61/NA. 
However, few papers deal with organic electronic devices [8]. A Raman-imaging 
study of pentacene thin films has revealed their two-dimensional solid-phase structure, 
as well as the structural disorder existing in the films [9,10]. In the case of conjugated 
polymers, one of the standard materials used in organic electronics is regioregular P3HT. 
McCreery and colleagues [11] conducted Raman-imaging studies of electrochemical 
memories fabricated with regioregular P3HT (Fig. 3.1) and viologen, and they observed 
carriers (positive polarons) in the oxidized states of these memories. Raman imaging 
can be used for studying carriers in organic transistors as well as in memories.  
A thin-film transistor is composed of (a) a thin semiconductor layer, (b) an 
insulator layer, and (c) three electrodes: source, drain, and gate [12]. Thin films of 
conjugated polymers are used as the active semiconductor of the transistor. Such a 
device is called an OFET or an OTFT. The source and drain electrodes that are in contact 
with the semiconductor film are separated from each other by a short distance. The gate 
is separated from the semiconductor layer by the insulator layer. Thus, the gate structure 
of OFET operates like a capacitor. When a voltage VG is applied between the source and 
gate electrodes, a charge is injected from the source electrode into the semiconductor 
film. The injected charge accumulates at the insulator/semiconductor interface, forming 
a conducting channel between the source and drain electrodes. Accordingly, when a 
drain voltage VD is applied between these electrodes, a current ID flows between the 
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source and drain electrodes through the conducting channel.  
An ionic liquid can function as an ultra-high-capacitance gate dielectric in an 
OTFT [13]. A low operating gate voltage and high output current are the benefits of 
using high capacitance. These favorable features originate from the high charge density 
induced by the high capacitance in the transistor channel. The charges may be induced 
either by the electrostatic effect and/or by electrochemical oxidation. An ILGT is 
fabricated with regioregular P3HT and an ionic liquid. In an ILGT, a negative bias on 
the gate electrode can lead to the generation of positive carriers in the regioregular P3HT 
film between the source and drain electrodes. The characteristics of the transistor depend 
on the density, distribution, and mobility of the carriers. However, the behavior of the 
carriers responsible for the performance of such transistors has not yet been fully 
elucidated. 
Conjugated polymers can be used as the active semiconductors in OFETs. The 
carriers in conjugated polymers are charged quasi-particles with structural changes 
extending over several repeating units [14–18]. A conjugated polymer having a non-
degenerate ground state, such as polythiophene or its derivatives, it can support charged 
quasi-particles such as polarons or bipolarons (Fig. 3.2). A polaron has charge +e or −e 
and spin 1/2, whereas a bipolaron has charge +2e or −2e and no spin. Raman 
spectroscopy has the ability to identify positive polarons and bipolarons in regioregular 
P3HT [19] which is one of the standard material in conjugated polymers [20], because 
the structural properties of a polaron are different from those of a bipolaron. In particular, 
in situ Raman measurements are very useful for studying carriers generated in the 
polymer films used in organic transistors [21, 22]. 
The performance of a transistor can be evaluated from its current–voltage 
characteristics [23]. For each VG, the drain current ID is plotted against the drain voltage 
VD; these are called the output characteristics. In the low VD region, ID is approximately 
proportional to VD; this is termed the linear region. On the other hand, beyond a “pinch-
off” voltage, ID saturates in the high VD range, which is called the saturation region. This 
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can be explained by the pinch-off theory. The depletion of the carrier density in the 
channel near the drain electrode caused by the application of large VD results in pinch-
off. It is important to determine the carrier densities in the channel to understand the 
working mechanism of a transistor. The electric field in the channel has been studied by 
electric field-induced optical SHG [23, 24]. 
Here, I present a Raman-imaging study of the carrier-density distribution in the 
P3HT channel of an ILGT. I used the ionic liquid [EMIM][TFSI] (see Fig. 3.1) as the 
electrolyte (gate dielectric) in the transistor. The intensity of a Raman band attributed 
to polarons was used to obtain images. 
 
3.2. Experimental method 
 
3.2.1. Raman measurements 
 
I obtained the Raman images using the backscattering configuration on a Renishaw 
InVia Raman microscope with a Leica N PLAN L 50× objective (NA, 0.50; working 
distance, 8.2 mm) by the streamline scan method. The wavelength of excitation light 
was 785 nm. I illuminated the sample with a line-focused laser light. An illustration of 
the line-focused light and mapping direction is shown in Fig. 3.3. The scattered light 
was collected into the slit of the monochromator system while retaining the positional 
information. The collected light was dispersed by a grating. The Raman spectrum from 
each position in the line was obtained by using the horizontal axis of the CCD detector. 
The spectral resolution was 2.8 cm−1. The vertical axis has the positional information. 
The Raman spectra from all the points of the sample were measured by scanning firstly 
in the vertical direction (red arrow in Fig. 3.3), and then the horizontal direction (blue 
arrow). This method enables us to obtain Raman image with a short time. For a Raman 
image measurement, I obtained Raman spectra from 2800 positions in an 84  48 m 
area at an interval of 1.2 m. The theoretical spatial resolution was 0.96 m. The power 
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of 785-nm light at the sample position was approximately 300 W, and the size of the 
irradiated area was 50  3.8 m. The accumulation time for each spectrum was 10 
s/point, and the total measurement time was 1500 s/image. Raman images were 
generated using WiRE 4.3 software. Principal-component analysis was used to remove 
noises from the measured Raman spectra. After subtracting broad background emission, 
I obtained the peak position and intensity for each band. The spatial resolution of the 




A schematic illustration of an ILGT [21] is shown in Fig. 3.4. Initially, 5 nm 
adhesion layers of Ni was deposited on a glass substrate, followed by 45 nm thick 
deposit of Au as the source and the drain electrodes, using vacuum evaporat ion through 
a shadow mask. The height of the electrodes was measured with DikTak (Bruker) stylus 
profilometer. I purchased regioregular P3HT from Sigma–Aldrich and used it as 
received. I prepared a thin film of regioregular P3HT from a chloroform solution (24 
mg/mL) by spin-coating (1500 rpm, 60 s). The thickness of the P3HT layer was 2.2  
102 nm. The width and length of the channel were 1 mm and 50 m, respectively. I used 
[EMIM][TFSI] (Kanto Chemical) as the ionic-liquid gate dielectric. I purchased a glass 
substrate coated with ITO from GEOMATEC. Its sheet resistivity was 30  sq−1. I 
cleaned the surface of the ITO-coated glass substrate with a UV-ozone-plasma treatment. 
I used it as the gate electrode. The thickness of the [EMIM][TFSI] layer was fixed at 
2.0  102 m using a Naflon spacer. The device was passivated in an epoxy polymer in 
a nitrogen atmosphere. 
I also fabricated a MIS diode [21] based on regioregular P3HT and [EMIM][TFSI]; 
the device structure is shown in Fig. 3.5. I deposited a 2.0  102 nm thick regioregular 
P3HT film on an ITO-coated glass substrate from a chloroform solution (24 mg/mL) by 
spin-coating (1500 rpm, 60 s); this was used as the working electrode. Another ITO-
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coated electrode was used as the counter electrode. The [EMIM][TFSI] liquid was 
sandwiched between the working and counter electrodes, which were separated by a 2.0 
 102 m-thick spacer. The voltage between the two electrodes is called VG. 
I applied VG and VD to the devices using a home-made system based on two 
KEITHLEY 6487 DC picoammeters and ADVANTEST TR6163 and R6243 DC voltage 
source/current monitors controlled by a home-made LabVIEW program. 
 
3.3. Results and Discussion 
 
3.3.1. Space resolution of Raman microscope 
 
Optical and Raman images of a polystyrene bead (diameter, 0.771 μm) are shown in 
Figs. 3.6(a) and (b), respectively. The Raman intensity cross sections in the vertical 
(line) and horizontal (scan) directions are shown in Figs. 3.6(c) and (d), respectively. 
Each of the observed cross sections was fitted with a Gaussian function; fitted curves 
are shown as red lines in Figs. 3.6(c) and (d). The FWHMs in the vertical and horizontal 
directions were 4.09 and 2.53 μm, respectively. The FWHMs of the observed 
instrumental function are worse than the theoretical value (~1 μm). This is due to the 
fact that I used a normal objective lens whereas the sample is located under a glass plate. 
If one uses a refraction-corrected objective one will obtain sharper cross sections. The 
FWHM difference in vertical and horizontal directions is attributed to the line scan 
method of the microscope. I convoluted a step function with the instrumental function 
having the FWHM value of 4.09 μm, as shown in Fig. 3.7. According to the Sommer’s 
criterion [25], the spatial resolution is expressed as 5.6 μm, because the 5 and 95 % 





3.3.2. Raman spectra 
 
Fig. 3.8 shows the 785-nm excited Raman spectra of an MIS diode at VG = 0.0, 
−1.2, and −2.3 V. 785-nm laser line is located within the 788-nm absorption due to 
positive polarons [19]. Thus, the cross sections of some Raman bands due to positive 
polarons are much larger than those of the bands due to neutral P3HT and positive 
bipolarons. Since the absorbance at 785 nm was less than 0.5, the 785-nm laser light 
passed through the film. Thus, I did not obtain only the Raman spectrum at the surface, 
but also from the film. 
In the Raman spectrum at VG = 0.0 V (Fig. 3.8(a)), I observed two peaks, at 1446 
and 1381 cm−1, which I ascribe to neutral P3HT. The 1446-cm−1 band is assigned to the 
in-phase C=C stretching mode of the thiophene ring; the 1381 cm−1 band is assigned 
to the C−C stretching mode of the thiophene ring [25, 26]. In the spectrum at VG = 
−1.2 V (Fig. 3.8(b)), I also observed two bands at 1420 and 1378 cm−1, whereas in the 
spectrum at VG = −2.3 V (Fig. 3.8(c)), I observed four bands at 1495, 1454, 1376, and 
1352 cm−1. I attribute the 1420 and 1378 cm−1 bands to positive polarons, because 
positive polarons give rise to bands at 1412 and 1381 cm−1 [19]. On the other hand, I 
attribute the 1495-, 1454-, 1376-, and 1352-cm−1 bands to positive bipolarons, because 
positive bipolarons give rise to bands at 1494, 1470, 1426, 1378, and 1341 cm−1 [19]. 
The Raman spectra of polarons and bipolarons were significantly contributed by a 
quinoid structure [25]. The 1420-cm−1 band of polarons were assigned to the CC 
stretching mode of the thiophene ring [19], corresponding to the 1446-cm−1 band of 
neutral P3HT. The 1381-cm−1 band of polarons was assigned to the CC stretching 
mode of the thiophene ring [19]. The 1454-cm−1 band of bipolarons was attributed to a 
CC stretching mode which is different from those of the 1420-cm−1 band of polarons 
and the 1446-cm−1 band of neutral P3HT. 
Fig. 3.9 shows the 785 nm-excited Raman spectra near the drain electrode, in the 
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middle of the channel, and near the source electrode in the ILGT at VG = −1.0 V and VD 
= −1.0 V. A negative value of VG means positive charges are accumulated in the P3HT 
channel. In the spectrum near the drain electrode (Fig. 3.9(a)), I observed Raman bands 
at 1445, 1415, and 1380 cm−1. The observed spectrum can be attributed to the overlap 
of the bands of neutral P3HT and positive polarons, because neutral P3HT gives rise to 
the 1446- and 1381-cm−1 bands, and positive polarons give rise to the 1420- and 1378-
cm−1 bands. In the spectrum at the middle of the channel (Fig. 3.9(b)), I observed Raman 
bands at 1415 and 1380 cm−1. These bands are clearly attributable to positive polarons. 
In the spectrum near the source electrode (Fig. 3.9(c)), Raman bands are also observed 
at 1415 and 1380 cm−1, which are also attributable to positive polarons. No positive 
bipolaron bands were observed in all spectra. These results indicate that major carriers 
are positive polarons in the present voltage values. 
 
3.3.3. Raman images 
 
A Raman image was made from 2800 spectra obtained from the 84  48 m area. 
The height of the 1415-cm−1 band of positive polarons was measured by drawing a linear 
baseline between 1556 and 1238 cm−1. Obtained heights were plotted in a two-
dimensional map. This is a Raman image. Fig. 3.10 shows Raman images of the 
intensities of the polaron band at VG = −1.0 V and VD = −0.1, −0.5, −1.0, and −1.5 V. 
The intensity of the polaron band is proportional to the average density of polarons 
(carriers) generated in the channel. These images show that the carrier density takes 
almost uniform distribution along the horizontal electrode direction and shows changes 
along the vertical direction from the source to the drain electrodes. Thus, the cross 
sections of the images from the source to the drain electrodes at the center are shown in 
Fig. 3.11. The gray regions correspond to the electrodes obtained from an optical 
microscope image. The arrows indicate the points where the Raman spectra shown in 
Fig. 3.9 were measured. In Fig. 3.11 intensities increase gradually near the source 
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electrode, and intensities decrease gradually near the drain electrode. These results show 
that the spatial resolution in the Sommer's criterion [25] are 12.6 m in left shoulder 
and 9.4 m in right shoulder. Since the spatial resolution of the microscope in the 
Sommer's criterion [27] was 5.6 μm, as describe in 3.3.1. Thus, the 9.4-m resolution 
probably originates from the spatial resolution of the microscope and dull edges of the 
metal electrodes. The height profile of the electrodes is shown in Fig. 3.12. The 
electrodes do not have a steep edge. The slope width in position is 12.7 m. Therefore, 
dull edges of the electrodes affect the intensities in Raman images.  
For the purpose of deriving the original density from the observed Raman image, 
the original density function, instrumental Gauss function, and their convolution are 
shown in Fig. 3.13. The original density function is linear in the range from 15 and 60 
μm; 300 counts at 15 μm and 200 counts at 60 μm. The FWHM of instrumental Gauss 
function was 10 μm. The first derivative of the convolution is shown in Fig. 3.14. The 
peak positions in the curve are 14.86 and 59.80 μm. These points are nearly equal to the 
positions of the edges of the original density function: 15 and 60 μm. The intensity of 
the original density function at an edge is approximately two times as large as that of 
the convolution function at the edge. Thus, one can evaluate the intensity of the original 
density function at an edge by doubling the observed intensity at a peak position in the 
first derivative. 
Fig. 3.15 shows the first derivatives of the observed cross sections shown in Fig. 
3.11. VD values are −0.1, −0.5, and −1.0 V for (a), (b), and (c), respectively, at VG = −1.0 
V. The arrows show peak positions. The evaluated intensities at the source and drain 
electrode edges for each VD are shown in Table 3.1. With increasing VD, the intensities 
at the source edge increase largely. In the case of the drain edge, the intensities increase 
from VD = −0.1 to −0.5 V, and decrease from VD = −0.5 to −1.0 V. At VD = −0.1 V, the 
carrier density is almost uniform. On the other hand, slopes appear at VD = −0.5 and 






In this Chapter, Raman images of the carriers generated in the channel of an ILGT 
fabricated with regioregular P3HT and [EMIM][TFSI] have been measured with 
excitation at 785 nm. The observed spectra indicate that the carriers generated in the 
channel are positive polarons. I developed a method for obtaining the original carrier 
density distributions from the observed images by removing the effects of the space 
resolution of the Raman microscope and dull edges of the electrodes. The carrier density 
distribution is almost uniform along the horizontal electrode direction. On the other 
hand, the carrier density distribution depends on VD in the direction from the source to 
the drain electrodes. This result strongly indicates that Raman imaging is useful for 
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Fig. 3.6.  (a) Optical and (b) Raman images of a polystyrene bead, and cross-
sectional plots (black) of the Raman image in (c) the vertical and (d) the horizontal 







Fig. 3.7.  Convolution (black) of a step function with the instrumental function 
having the FWHM of 4.09 m. The arrows indicate intensities of 0, 5, 95, and 100 % 







Fig. 3.8.  785 nm-excited Raman spectra from an MIS diode fabricated with 







Fig. 3.9.  Raman spectra (a) near the drain electrode, (b) at the middle of the channel, 







Fig. 3.10.  Raman images of the intensities of the 1415 cm−1 bands at the channel of 
an ILG transistor at VG = −1.0 V: (a) VD = −0.1 V; (b) VD = −0.5 V; (c) VD = −1.0 V; 








Fig. 3.11.  Cross sections of the Raman images in the channel at VD = −0.1 V (black), 















Fig. 3.13.  (a) Convolution (blue) of the original carrier density function (gray) and 















Fig. 3.15.  First derivatives of the cross sections shown in Fig. 3.11 at VG = −1.0 V: 












at the source edge 
Intensity 
at the drain edge 
−0.1 196.2 172.4 
−0.5 257.4 182.4 

























4.1. Introduction  
 
ILGTs have been of significant interest for both solid state property investigations 
and device applications because their use enables the realization of high-density carrier 
doping and large current density in the device [4]. Usually, the device characteristics of 
these transistors are derived from EDL doping for inorganic materials and 
electrochemical doping for polymer thin films or nano-material thin films [2–4]. The I–
V characteristics of an ILGT show hysteresis [5], and depend on the highest VG value. 
The I–V characteristics are associated with the carrier distribution in the channel 
induced by various VG values. The carrier distribution is probably sensitive to the doping 
mechanism: EDL and electrochemical doping. There are few papers dealing with the VG 
and VD dependences of the carrier distribution in the channel [6]. One of the strong 
approach to this problem is in situ observation of the carrier distribution under device 
operation. 
Regioregular P3HT is a standard organic polymer in electronics. The carriers in 
conjugated polymers are charged quasi-particles with structural changes extending over 
several repeating units [7–11]. A conjugated polymer having a non-degenerate ground 
state, such as regioregular P3HT, can support charged quasi-particles such as polarons 
or bipolarons. A polaron has charge +e or −e and spin 1/2, whereas a bipolaron has 
charge +2e or −2e and no spin. It has been demonstrated that Raman spectroscopy is a 
powerful tool for identifying positive polarons and bipolarons in regioregular P3HT 
films [12]. In particular, in situ Raman measurements are very useful for studying 
carriers generated in polymer ILGTs [13–15]. 
Micro-Raman spectroscopy has attracted much attention because of its ability to 
perform non-destructive measurements [16]. This is a promising technique for the 
investigation of chemical bonding, structure, crystallinity, etc. with a moderate spatial 
resolution (~1 μm). In Chapter 3, I demonstrated that micro-Raman microscopy is a 
powerful tool for studying carrier density distribution in the channel of an ILGT, 
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whereas infrared spectroscopy [17] and SHG spectroscopy [18] were used. Here, I study 
the VG and VD dependences of the carrier distribution in the channel of a regioregular 
P3HT ILGT using Raman imaging. I discuss the relation between the current–voltage 
characteristics and the carrier distribution. 
 
4.1.1. Theoretical background of FETs 
 
A FET comprises (a) a semiconductor layer, (b) an insulator layer, and (c) the 
source, drain, and gate electrodes. The source and drain electrodes are in contact with 
the semiconductor film at a short distance from each other. The semiconductor region 
between the source and drain electrode is called the channel; the distance between the 
source and drain electrode is called the channel distance (L); and the length of the region 
facing the source and drain electrode is called the channel width (W). The gate is 
separated from the semiconductor layer by an insulating layer. The gate structure of the 
FET operates like a capacitor. If the semiconductor in the channel is an intrinsic 
semiconductor, there is no drain current (ID) under the application of the drain voltage 
(VD). When a voltage is applied between the source and gate electrodes (VG), a charge 
is injected from the source electrode into the semiconductor film. Then, the injected 
charge is accumulated at the insulator/semiconductor interface. The thickness of this 
carrier accumulation layer is around a few nm, corresponding to the thickness of several 
organic molecule layers. This accumulated charge forms a conducting channel between 
the source and drain electrodes. Accordingly, when VD is applied between these 
electrodes, a current flows (ID) between the source and the drain electrodes through the 
conducting channel. The carriers generated are holes for VG < 0 V and electrons for VG 
> 0 V.  
The performance of a transistor can be evaluated using I–V characteristics [19]. 
For constant values of VD, ID values are plotted against the VG values; this is known as 
the transfer characteristics. With increasing |VG|, ID does not flow below the absolute 
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value of the threshold voltage (|VTH|). When |VG| is greater than |VTH|, ID flows. This 
originates from the carriers accumulated in the channel. Therefore, the accumulated 




Q = –Ci (VG − VTH) (4.1) 
 
where Ci is the capacitance per unit area. 
For some values of VG, ID is plotted against VD, providing the output 
characteristics. When |VG| > |VTH|, the output characteristics show the performance of 
the transistor. The output I–V characteristics and the corresponding carrier distributions 
in FET channel are shown in Fig. 4.1. In the low VD region, ID is approximately 
proportional to VD, and this range is therefore called the linear region. In the linear range, 
the carrier density distribution in the channel is uniform, as shown in Fig. 4.1(b). In 
contrast, beyond the “pinch-off” voltage, ID shows saturation in the high VD range, and 
this range is called the saturation region. At the pinch-off voltage, carrier density near 
the drain electrode equals to zero, as shown in Fig. 4.1(c). This feature can be explained 
by the Maxwell–Wagner model providing one of the simplest explanations for the origin 
of the pinch-off characteristics. Under the application of both VG and VD, the electrical 
potential on the interface between the semiconductor and the insulator at the position x 





Q(x) = −Ci (VG − VTH − V(x)). (4.2)  
 
When |VD| ≈ | VG − VTH |, and the position x is near the drain electrode, i.e., V(x) = VD, 
Q(x) = 0. Thus, there are no carriers near the drain electrode. This voltage is known as 
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the “pinch-off” voltage. The accurate evaluation of the carrier densities in the channel 
is important for studying the working mechanism of a transistor.  
I now describe the I–V characteristics of the FET as follows: 





(𝑉𝐺 − 𝑉𝑡ℎ)𝑉𝐷. (4.3)  
 






2. (4.4)  
 
4.2. Experimental method 
 
4.2.1. Device preparation and I–V measurements 
 
An ILGT was fabricated on a glass substrate with glass/Ni (5 nm)/Au (45 
nm)/P3HT (200 nm)/Ionic liquid (200 μm)/ITO/glass structure (Fig. 4.2). Ni/Au 
electrodes prepared by vacuum evaporation were used as the source and drain electrodes, 
and an ITO-coated glass substrate was used as the gate electrode. A regioregular P3HT 
thin film was prepared by spin-casting (1500 rpm, 60 s) using a chloroform solution of 
regioregular P3HT (24 mg/mL) on a glass substrate fabricated with the source and drain 
electrodes after the UV-ozone plasma treatment. After spin casting, the ITO substrate 
was placed over the spacers during the fabrication of the trench in the channel. Then, 
the ionic liquid was filled in the trench, and the device was passivated by an epoxy 
polymer under a nitrogen atmosphere. Output I–V characteristics were measured by 
connecting two Keithley 6487 picoammeters controlled by the LabVIEW driver program. 
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Transfer I–V characteristics and gate relaxation current are simultaneously measured 
using Advantest TR6163 and Advantest R6243 DC voltage current source/monitors 
controlled by LabVIEW. Capacitance (C) values were calculated using the gate 
relaxation current. More specifically, I divide the gate relaxation current into the 
relaxation charging component and the static electrochemical component for each 
voltage and then calculate the accumulated charge density ΔQ under the voltage by 
integrating the relaxation component. Finally, I calculate the capacitance according to 
C =ΔQ/ΔV.  
 
4.2.2. Raman image measurements 
 
Raman spectra were measured using a RENISHAW InVia micro-Raman 
spectrometer with a Leica N PLAN L 50× objective (NA, 0.50; working distance, 8.2 
mm) by the streamline scan method. This method enables the observation of weak 
Raman bands in short time. The wavelength of excitation light was 785 nm. I illuminated 
the sample with a line-focused laser light. The spectral resolution was 2.8 cm−1. For a 
Raman image measurement, I obtained Raman spectra from 2800 positions in an 84  
48 m area at an interval of 1.2 m. The theoretical spatial resolution was 0.96 m. The 
power of 785-nm light at the sample position was approximately 300 W, and the size 
of the irradiated area was 50  3.8 m. The accumulation time for each spectrum was 
10 s/point, and the total measurement time was 1500 s/image. Raman images were 
generated using WiRE 4.3 software. Principal-component analysis was used to remove 
noises from the measured Raman spectra. After subtracting broad background emission, 




4.3. Results and discussion 
 
4.3.1. Device characteristics 
 
Fig. 4.3(a) shows the transfer characteristic of regioregular P3HT ILGT at VD = 
−1.0 V. A clear change in the slope was observed with the inflection point at VG ≈ −1.0 
V. The ID values of the ILGT were plotted as a function of VD at VG = −1.0 V in Fig. 
4.3(b). As VD increases, ID increases linearly in the range between 0 and −0.4 V, which 
is the linear region. I observed a quasi-pinch-off at −0.4 V. According to the theory 
described in Section 4.1.1, the pinch-off voltage is equal to VG. However, in this result, 
the quasi-pinch-off voltage of −0.4 V is quite different from the VG value of −1.0 V. In 
the range between −0.4 and −1.1 V, ID exhibits a slow increase, which is like the 
saturation region. Above −1.3 V, ID increases rapidly. The ID values are plotted as a 
function of VD at VG = −1.5 V in Fig. 4.3(c). In this I–V characteristics, the quasi-pinch-
off is observed at approximately −1.2 V. This result shows that the quasi-pinch-off 
voltage of −1.2 V is different from the VG value of −1.5 V, which is not consistent with 
the theoretical result described in Section 4.1.1. The observed difference is smaller than 
that at VG = −1.0 V. 
Since the differences between these doping mechanisms are known to manifest 
itself in the capacitance data, I have measured the VG dependence of the capacitance 
(Fig. 4.3(d)). Examination of the capacitance data shows a clear transition in the 
capacitance behavior at VG = −1.1 V. In the VG < −1.1 V region, a huge capacitance up 
to ~500 μF/cm2 is observed which is a typical value for electrochemical doping. In 
contrast, in the VG > −1.1 V region, the capacitance is only ~10 μF/cm2. Interestingly, 
this capacitance value is typical of EDL doping. Therefore, this result suggests that the 
fabricated device operates via EDL doping in the small bias region. Notably, the slope 
of the transfer curve (Fig. 4.3 (a)) shows a dramatic increase at VG = −1.1 V. This also 
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supports the conclusion because the increase of the slope is due to the increase of the 
carrier density caused by the capacitance change.  
 
4.3.2. Raman images 
 
Raman spectra of an electrochemically doped P3HT thin film at VD = −1.0 V and 
VG = −1.0 V were measured; the spectra near the drain electrode, at the middle of the 
channel, and near the source electrode are shown in Figs. 4.4(a), (b), and (c), 
respectively. The results are similar to those described in Chapter 3. A negative value of 
VG means positive charges are accumulated in the P3HT channel. In the spectrum near 
the drain electrode (Fig. 4.4(a)), Raman bands are observed at 1440 and 1380 cm−1. The 
observed spectrum can be attributed to neutral P3HT. In the spectrum at the middle of 
the channel (Fig. 4.4(b)), Raman bands are observed at 1415 and 1380 cm −1. These 
bands are attributable to positive polarons. In the spectrum near the source electrode 
(Fig. 4.4(c)), Raman bands are also observed at 1415 and 1380 cm−1, which are also 
attributable to positive polarons. No positive bipolaron bands were observed in all 
spectra. These results indicate that major carriers are positive polarons in the present 
voltage values. 
A Raman image was made from 2800 spectra obtained from the 84  48 m area. 
The height of the 1415-cm−1 band of positive polarons was measured by drawing a linear 
baseline between 1556 and 1238 cm−1. Obtained heights were plotted in a two-
dimensional Raman image. Fig. 4.5 shows Raman images of the intensities of the 
polaron band at VG = −1.0 V and VD = −0.3, −1.0, and −1.5 V. The intensity of the 
polaron band is proportional to the density of polarons (carriers) generated in the 
channel. These images show that the carrier density takes almost uniform distribution 
along the horizontal electrode direction and shows changes along the vertical direction 
from the source to the drain electrodes. Thus, the average of the cross sections of the 
images from the source to the drain electrodes at the center is shown in Fig. 4.5. In the 
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cross sections (a2), (b2), and (c2), intensities increase gradually at the shoulder of source 
electrode, and intensities decrease gradually at the shoulder of the drain electrode. These 
results correspond to the spatial resolution in the Sommer's criterion [20] are 12.2 m 
in the left shoulder and 13.2 m in the right shoulder in average. Since the spatial 
resolution of the microscope in the Sommer's criterion was 5.6 μm, as describe in 3.3.1. 
Thus, the 12.2-m resolution probably originates from the spatial resolution of the 
microscope and dull edges of the metal electrodes, as described in Chapter 3.  
I evaluated intensities at the source and drain electrode edges at VG = −1.0 V, using 
the method developed in Chapter 3. The evaluated intensities at the source and drain 
electrode edges for each VD are shown in Table 4.1. The intensity at the edge of the 
source electrode increases from −0.3 to −1.5 V. On the other hand, the intensity at the 
edge of the drain electrode decreases from −0.3 to −1.0 V, and increases from −1.0 to 
−1.5 V. According to the theory [19], zero carrier density is observed near the drain 
electrode at the pinch-off voltage. However, no bleaching in intensity was observed. 
Thus, the working mechanism of an ILGT is different from that of inorganic 
semiconductor transistors. Slopes are observed at VD = −0.3 and −1.0 V. The slope at VD 
= −1.0 V is steeper than that at VD = −0.3 V. On the other hand, at VD = −1.5 V, the 
carrier density is almost uniform, whereas a shallow dip is observed. The carrier density 
at VD = −1.5 V is likely depending only on VD. 
Fig. 4.6 shows the Raman intensity images of the intensities of the 1415 cm−1 band 
and intensity cross sections at VD = −0.3, −1.0, and −1.5 V and VG = −1.5 V. I evaluated 
intensities at the source and drain electrode edges, using the method developed in 
Chapter 3. The evaluated intensities at the source and drain electrode edges for each VD 
are shown in Table 4.2. The intensity at the edge of the source electrode shows similar 
values for all VD values. The intensity at the edge of the drain electrode is slightly larger 
than that of source edge at VD = −0.3 V; the intensities show almost the same values,  




4.3.3. Doping mechanism and carrier distribution in the channel 
 
EDL doping and electrochemical doping are known to occur in ILGTs [1]. 
Schematic structures of doped P3HT films for EDL and electrochemical doping are 
shown in Fig. 4.7. To the best of my knowledge, there have been no reports discussing 
the doping mechanism in ILGTs fabricated with organic semiconductors. I will discuss 
the carrier distribution obtained in Section 4.3.2 using the EDL and electrochemical 
doping. Fig. 4.8 shows comparison of relaxation current in (a) VG = −0.5~−0.8 V and 
(b) VG = −1.5~−1.8 V. According to these relaxation currents, it shows two components, 
one was fast and another was slow component. In Fig. 4.8(a2) (VG = −0.5~−0.8 V), it 
shows almost all of relaxation current was consist of fast component and the 
contribution of slow component seems like small. In Fig. 4.8(b2)  (VG = −1.5~−1.8 V), 
the contribution of slow component was larger than that of in fig. 4.8(a2).  I suppose 
these fast and slow components in relaxation current were due to EDL doping and 
electrochemical doping, respectively. With taking these results into consideration, I 
suppose that a constant carrier density is generated by electrochemical doping in the 
whole range of the channel; the constant value is a function of VD as well as VG, and that 
modulated carrier density is generated by EDL doping at the interface of ionic liquid 
and regioregular P3HT. Schematic illustration of the doping mechanism and 
corresponding carrier distribution is shown in Fig. 4.9.  Green and orange area 
correspond to EDL doped and electrochemically doped volume, respectively. Black plus 
correspond to doped carrier and black arrows correspond to current pass in each doping. 
When the absolute values of VG or VD are higher than 1.5 V, major carriers are generated 
by the electrochemical doping (Fig. 4.9(a)). In this case, intensities (carrier densities) 
are large, 140 counts, and are uniform in the channel. On the other hand, carriers are 
generated by EDL and electrochemical doping when the absolute values of VG and VD 
are lower than 1.0 V (Fig. 4.9(b)(c)). In this case the observed intensity (carrier density) 
consists of a constant value and the other value sensitive to the posi tions in the channel. 
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For an example, at VD = −1.0 V and VG = −1.0 V, the constant intensity is about 24 
counts, and the other intensity is sensitive to the position in the channel. The constant 
intensity probably originates from the bulk film generated by electrochemical doping, 
whereas the modulated intensity originates from the surface of the P3HT layer generated 




I investigated the carrier distribution of regioregular P3HT ILGTs by Raman 
imaging of a Raman band due to positive polarons (carriers). I found the carrier density 
in the channel to be uniform for VD < VG (i.e., in the linear region). At VD ≈ VG (in the 
saturation region), the carrier density near the source electrode increased, and the carrier 
density near the drain electrode was almost the same as that in the linear region. I also 
found strong Raman intensity and uniform carrier distribution in channel when VD or VG 
is larger than −1.5 V. Therefore, the contribution of the EDL doping and the 
electrochemical doping probably depends on VD and VG, when VD or VG is more than 
−1.5 V or not. The experimental carrier density distributions will be a key for 
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Fig.4.1.  (a) Output I–V characteristics of typical MOSFET with VG application and 







Fig. 4.2.  Schematic illustration of an ILGT with the glass/Ni (5 nm)/Au (45 nm)/P3HT 










Fig. 4.3.  Electrical properties of a regioregular P3HT ILGT: (a) the transfer 
characteristic at VD = −1.0 V; (b) the output characteristic at VG = −1.0 V; (c) the output 







Fig. 4.4.  Raman spectra (a) near the drain electrode, (b) at the middle of the channel, 







Fig. 4.5.  Raman images of the intensities of the 1415 cm−1 bands and averaged cross 








at source edge 
Intensity 
at drain edge 
−0.3 58.2 33.4 
−1 93.2 24.8 










Fig. 4.6.  Raman images of the intensities of the 1415 cm−1 bands and averaged cross 










at source edge 
Intensity 
at drain edge 
−0.3 128.2 154.8 
−1 138.6 146.2 







Fig. 4.7.  Schematic illustration of (a) EDL doping with impermeable semiconductor 
and (b) electrochemical doping in permeable semiconductor. (Copyright © 2013 






Fig. 4.8. Time dependence of VG and IG for regioregular P3HT ILGT in (a) low gate 






Fig. 4.9. Schematic illustration of the carrier distribution in regioregular P3HT ILGTs 
for (a) electrochemical doping, (b) combination of EDL doping and electrochemical 
doping in linear region and (c) combination of EDL doping and electrochemical doping 
in saturation region. Green and orange area correspond to EDL doped and 
electrochemically doped volume, respectively. Black plus correspond to doped carrier. 
























In this thesis, I have investigated polymer ILGTs fabricated with regioregular 
P3HT, focusing the followings: (1) the frequency response of ILCs; (2) the carrier 
distribution observation by Raman spectroscopy, and the VG and VD dependences of the 
carrier distribution.  
To improve response speed of device operation and to investigate the effect of 
electrochemical reactions, the response of ionic liquid was investigated with ILC by EIS. 
By introducing an asymmetric ILC with differently sized active materials and gate 
electrodes, the cutoff frequency was dramatically enhanced of from 14 kHz to 93 kHz. 
By investigating the frequency spectrum of asymmetric ILC with equivalent models, 
transient electrochemical reaction in smaller electrode was explained. 
To establish a measurement approach of carrier distribution of an ILGT, the 
carrier distribution image of regioregular P3HT ILGT channel was obtained with Raman 
imaging. The observed spectra indicate that the generated carriers are positive polarons. 
By Raman intensity images of the 1415 cm−1 bands, the carrier-density distribution was 
observed.  
To clarify operation principle and effect of doping in an ILGT, the carrier 
distribution of regioregular P3HT ILGTs was investigated by Raman imaging. Uniform 
carrier density in the channel was found for VD < VG (i.e., in the linear region). At VD ≈ 
VG (i.e., in the saturation region), the carrier density near the source electrode increased, 
and the carrier density near the drain electrode was almost the same as that in the linear 
region. Strong Raman intensity and uniform carrier distribution in channel was found 
when VD and/or VG is larger than −1.5 V. Therefore, the contribution of the EDL doping 
and the electrochemical doping probably depends on VD and VG, when VD or VG is more 
than −1.5 V or not. The experimental carrier density distributions will be a key for 
understanding the working mechanism of ILGTs. 
As prospects, ILGT and relating EGTs are expectable to apply to the device such 
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as organic electronics, optoelectronics, ambient electronics etc. Since ILGT is possible 
to operate in low voltage, it is very useful for reduction of power consumption. This 
work would be the foundation to solve problems such as slow operation speed and 
inevitable electrochemical reactions, and to elucidate carrier property and device 
operation. Further research development and investigation is expected to achieve a 
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